Introduction
Electrical analogy, i.e. when blood flow is considered to be analogous to the flow of electric current and voltagecurrent relation is used to describe pressure-flow relation in human arteries, is one of the principal methods employed in many human circulation models. It is widely used for both -lumped [1] and distributed [2] representation.
In our recent study [3] we've already showed that arterial compliance can be estimated using electrical two element model along with non-invasive ultrasound measurement technique. Arterial compliance is one of the major indices characterizing arterial stiffness. Changes of arterial compliance indicate degradation of arterial function and associate primarily with increased pulse pressure and heart deficiency. Direct real time ultrasound measurements of local arterial radius, intima-media (I-M) thickness and blood velocity allowed us to increase the plausibility of arterial compliance investigations [4] .
Blood circulation in human arteries is a rather complex process, which incorporates many important and often non-linear effects. Thus, classical two element representation ( Fig. 1. A) can be insufficient to reflect the real process. Drawback of the earlier used artery model [3] is underestimating inertance or inertness of blood flow. It is believed, that blood inertance is responsible for many important blood flow effects, i.e. resonance, reverse flow and etc. Supposedly, inertance together with non-linear compliance enables more accurate representation and provides quantitatively and qualitatively improved diagnostic information.
The aim of this study is to improve the reliability of evaluation of the non-linear compliance incorporating inductance element into the electrical analogy artery model, applying modern non-invasive measurements.
Method of the investigation
Newly improved model has four elements, which represent substantial features of blood-flow and artery behaviour ( Fig. 1. B ). Artery's ability to accumulate blood-flow and to distend during systole and conversely -recoil during diastole is represented by a pressure-dependent compliance (C P ). The non-linear relationship between pressuredependent compliance and blood pressure P is given by
where a and b are two parameters that determines the nature of non-linearity. Respectively, peripheral resistance (R S ) and artery (characteristic) impedance (R A ) are introduced to reflect resistive properties of peripheral arteries and artery itself. Peripheral resistance is defined as a ratio of mean blood pressure and mean blood flow rate
Characteristic impedance of the artery is determined by taking the slopes of the pressure and flow waves during the early part of the ejection period, P and Q, and calculating their ratio
Finally, blood mass accelaration and decelaration effect is introduced with inertance (L) element, which relates the pressure drop (∆P) with the rate of change of flow
Blood flow rate is calculated using blood velocity (V) and artery internal radius (r) [3] 
During diastole there is none blood-flow from the heart (Q(t)=0) and the model can be electrically represented as a discharge of a capacitor (Fig. 2) .
Fig. 2. Electrical analogy of artery model in diastole
Considering the Ohm's law the following can be written
Currents and voltages for the different elements can be defined:
Substituting (10) into (9) and then (7), (8) and (9) into (6) the following can be written
. (12) Derivative of above equation can be obtained
After substitution of (11), equation (13) can be rear ranged as follows
It can be assumed that value of the first member of equation (14) is greatly smaller then the values of the rest members. Moreover, it is acceptable to consider U CP change over time character to be close to linear. Consequentially, second derivative of equation (14) 
Considering (15) equation (14) can be simplified
Returning to hemodynamic representation and substituting (1) into (16), equation for the model in diastole is obtained
To estimate pressure-dependent compliance (C P ) equation (17) is written in the following digital form
where T is the sampling period, t=nT, n=1…N, N -the length of the digitized pressure function.
The aim of equation (18) solution is to define parameters a and b, characterizing the nature of compliance non-linearity. We can write the following set (N-1) of equations for the whole blood pressure time function:
To estimate parameters a and b blood pressure curve fitting technique is realizable employing least mean root square method. Studies have shown that parameter a values ranges from 0 to 5 and parameter b -from 0 to 0,03 [5] . MATLAB algorithm was created to find optimal a and b values, i.e. the values, which minimizes the error
Experimental investigation
Experimental investigation of overall 15 patients, divided into healthy (11 normal carotis communis arteries) and unhealthy (4 pathological carotis communis arteries) groups, was performed in Clinic of Cardiology of Kaunas University Hospital. For the estimation of the blood flow rate (Q), ultrasound M and D images were acquired in vivo using a commercial GE Vingmed ultrasound system, equipped with high-resolution 10 MHz transducer. Typical blood pressure time function [6] has been calibrated with conventional sphygmomanometer measured systolic P S and diastolic P D blood pressures and measured duration of cardiac cycle (Fig. 3) . According to (2), (3) and (4) calculated mean artery model parameters are given in Table 1 . For the pressure-dependent compliance calculation, we used mean value of the estimated instantaneous inertance over diastolic period for each patient (Fig. 4) . Pressure-dependent compliance estimation results were compared to the results, acquired with previously introduced two element model [3] (Table 2) .
Compliance pressure functions estimated for unhealthy group, using both, four and two element model, are presented in Fig. 5 . Fig. 5 . Pressure-dependent compliances estimated for unhealthy group, using two (dashed line) and four (solid line) element models Inadequancy for each value of the compliance pressure function, using four and two element artery models, has been calculated. Mean, minimal and maximal values for both groups are presented in Table 3 . Mean inadequancy value for compliance at mean pressure C P (P mean ) is also given. Table 2 . Pressure-dependent compliance estimation results for unhealthy group, using 4 and 2 element artery models Patient No.
Four element model
Two element model It is obvious, that for the same patient calculated two element and four element compliance pressure functions are intersecting almost at their mean values (Fig. 5) . This is reflected by inadequancy for the pressuredependent compliance at mean pressure index, which is only 5,77 % for unhealthy group and 3,96 % for healthy group. However, existing difference between differently calculated functions is rather characterized by mean inadequancy for C P , which varies from 6,67 to 12,7 % for healthy and unhealthy group, respectively. Moreover, inadequancy for some compliance pressure function points can reach as high as 32,4 % and 43,9 % for healthy and unhealthy groups, respectively. Rather large inadequancy between two models is also evident in different slopes of compliance pressure functions for the same patient.
Conclusions and discussion
Two parameters (coefficients a and b) characterized artery stiffness state and can be further used for diagnostic purposes. Pressure-dependent compliance also reflects compliance dynamics over the whole heart cycle. Due to it's relationship with geometrical parameters, i.e. artery cross-sectional area and length, inertance effect plays a larger role in larger blood-vessels. Therefore, evaluation of inertance in such arteries as, aorta, carotid and etc, should be of great importance. Above assumptions are validated with a mean value of inadequancy for C P -9,69 % (for both groups), calculated for four element and two element models.
Direct non-invasive in vivo ultrasound measurements of local artery internal radius changes and blood flow rate increase the plausibility of arterial compliance estimation. Locally performed measurements allow us to expect that estimated compliance will characterize more local features of the artery, than those of the whole arterial tree, usually obtained with classic Windkessel models.
It can be presumed, that use of the calibrated typical pressure time function immerse some kind of the inaccuracy to peripheral resistance and inertance calculation and, finally, compliance estimation. However, at this time, accurate pressure time function measurement is inevitably associated with one or another invasive technique, which is often complicated and undesirable nor in clinical study nor in routine medical practice.
A large population experimental in vivo study is necessary before model employment in routine medical practice.
